Abstract: The idea of green or sustainable chemistry is to develop highly efficient technical processes and applications using chemicals with a reduced or zero hazard potential for man and the environment. This approach is perfectly applicable to ionic liquids (ILs). These substances have potential applications in different fields (economic interests), and so far millions of possible structures have been designed, thousands of which have actually been produced, providing a broad base for the structural design of ILs with optimal technological properties and at the same time posing a reduced hazard to humans and the environment. In parallel with the rapidly growing (eco) toxicological knowledge regarding ILs, the available data regarding their biodegradability are also increasing. The following sections introduce the reader to biodegradation test procedures and present an overview of existing aerobic and anaerobic biodegradation data concerning ILs. Besides pure biodegradation kinetics, this discussion covers data on biological degradation products (metabolites) and abiotic degradation processes. Throughout this review special emphasis will be placed on structure-biodegradability relationships and the question whether the 10 th principle of Green Chemistry, namely, Design chemicals and products to degrade after use: design chemical products to break down to innocuous substances after use so that they do not accumulate in the environment, is or is not fulfilled for some IL structures. The discussion of this data should help to improve the future design of inherently safer ILs, thereby reducing the risks they may pose to humans and the environment.
INTRODUCTION
In recent years ionic liquids (ILs) have attracted great interest because of their beneficial and tunable physico-chemical properties, for instance, excellent thermal and electrochemical stability, low vapor pressure, wide range of fluidity and favorable solvation properties. Several applications and potential implementations using ILs have been described in, e.g., cellulose dissolution [1] , aluminum plating [2] , gas compression [3] , gas handling [4] , lithium-ion batteries [5] , dye-sensitized solar cells [6] and as paint additives [7] . The recent applications of ILs in the chemical industry are excellently summarized by Plechkova and Seddon [8] . This critical review mentions several companies that are using ILs from smallscale to pilot plant to large-scale industrial applications. Thus, ILs are no longer confined to academic ivory towers: they are already present in commercial products and processes. But this comes with the increased probability that ILs will be continuously released into the biosphere, for example, as process effluents or consumer products, or in larger amounts as accidental spills.
The chemical industry bears collective responsibility for its products in order to prevent the short-and long-term adverse effects of these substances on man and the environment. In recent decades the extensive production, use and release of man-made chemicals has resulted in serious environmental problems such as climate change, stratospheric ozone depletion, eutrophication, water pollu-*Address correspondence to this author at the Department Sustainable Chemistry, Centre for Environmental Research and Sustainable Technology, University of Bremen, Leobener Str. UFT, 28359 Bremen, Germany; Tel: -------------------; Fax: -------------------; E-mail: stefan.stolte@uni-bremen.de tion and acidification, and loss of biodiversity. In addition, certain chemicals have been responsible for disasters, like the dioxin pollution accident in Seveso (Italy) in 1976 or the poisoning of workers in Bhopal (India) with the highly toxic chemical methylisocyanate in 1984. All these disasters, whether chemical accidents with a primarily local impact (e.g. the Bhopal accident) or fugitive emissions of chemicals (e.g. chlorofluorocarbons) with adverse effects on the global environment, have raised public awareness of the potential hazards and risks arising from chemical substances. As a consequence the regulation of chemicals has become more stringent. Furthermore, efforts are being made to develop strategies to combat environmental and health problems due to chemicals like the "Responsible Care" initiative from the chemical industry to improve health, safety and the environmental performance of chemical products and processes. The chemical philosophy of encouraging the design of products and processes that reduce or eliminate the use and generation of hazardous substances was first defined and described by Paul Anastas and John C. Warner in 1998 in their 12 Principles of Green Chemistry [9] .
The idea of green or sustainable chemistry is perfectly applicable to the "newly arising" substance class of ILs. Without doubt, they are potentially applicable in different fields (economic interests), millions of possible structures have already been designed, thousands of which have actually been produced, providing a broad base for the structural design of ILs with optimized technological properties and concomitantly a reduced hazard for humans and the environment. Several producers, developers and users of ILs are highly focused on the development of environmentally benign structures in the early stage of research -moving from the former "end of pipe" solutions to a proactive approach and hence to a fu-ture paradigm of environmental protection. The image of ILs has changed, especially during the last few years. In the beginning, the whole class of these substances was glibly described as "green" and "environmentally benign". Those statements were justified, given the negligible vapor pressure of ILs, which meant that they were non-flammable, non-explosive and produced minimal air emissions. Indeed, this pronounced advantage for operational safety does include a large "green" potential, but without a sound knowledge of the (eco)toxicological behavior -the hazard potential -of ILs, there can be no justification for such a classification. Moreover, in view of the vast structural diversity of ILs, general statements like "ILs are green", "ILs are toxic" or "ILs are persistent" are to be avoided. These suggestive generalizations have been counterproductive to the development of products and processes containing ILs. In the meantime, however, a paradigm shift has taken place following the expansion in knowledge of ILs produced by the growing number of studies analyzing the hazard potential of many such liquids in different biological test systems [10] [11] [12] [13] [14] [15] [16] [17] . Thus, we now know that some ILs have a low and others a high hazard potential [13] . As expected, the ecotoxicity of ILs depends strongly on their molecular structure.
However, apart from a low (eco)toxicity, current environmental legislation makes insistent demands for non-persistent chemicals. For chemicals to be described as "sustainable" or "green", complete and rapid biotic and/or abiotic degradation is a crucial requirement, in accordance with Paul Anastas' and John Warner's 10 th principle of Green Chemistry: Design chemicals and products to degrade after use: design chemical products to break down to innocuous substances after use so that they do not accumulate in the environment. [9] . Both the biotic and the abiotic degradabilities of organic chemicals are largely influenced by the potential exposure of substances to organisms and, hence, are key parameters in risk assessment for predicting spatio-temporal environmental concentrations and long-term adverse effects on biota (potentially resulting in disorders, effects on reproduction, genetic mutation, cancer, mortality and adverse effects on the immune and nervous systems).
Degradability in particular could be a bottleneck in designing inherently safer and sustainable ILs, because the tendency of certain ILs to be thermally and chemically very stable is often reflected by their great vis-à-vis biological degradation processes [18] . In parallel with rapidly expanding (eco)toxicological knowledge, more and more data on biodegradability is becoming available. The following sections will provide an introduction to biodegradation test procedures and will present an overview of existing aerobic and anaerobic IL biodegradation data. Besides pure biodegradation kinetics, data on biological degradation products (metabolites) and abiotic degradation processes are discussed. Throughout this review special emphasis will be on structure-biodegradability relationships and on whether the 10 th principle of Green Chemistry is fulfilled for IL structures. The discussion of this data should help to improve the future design of inherently safer ILs and thereby to reduce the risks they may pose to humans and the environment.
BIODEGRADABILITY TEST METHODOLOGIES: PRINCIPLES AND GLOSSARY
In its simplest definition biodegradation can be described as the breakdown of an organic substance by enzymes produced by living organisms. Several laboratory test methodologies have been developed and standardized, for instance, by the Organization for Economic Co-operation and Development (OECD), to simulate environmental biodegradation processes and to estimate the probable concentration of organic compounds in the environment [19] . For every type of biodegradation experiment a test substance is brought into contact with a mixed population of microorganisms (the inoculum) -from surface waters, aquatic sediments, soils or waste water treatment plants -in a solution of inorganic nutrients under standardized conditions (e.g., concentration of inoculum, pH, temperature, test duration, substance concentration). In general, biodegradation in these tests is caused predominantly by bacteria, but other microorganisms like protozoa, rotifers, and higher forms of invertebrates may also be involved.
The OECD proposes a tiered test strategy to evaluate the aerobic biodegradability of chemicals [19] , using concepts and terms like "ready biodegradability", "ultimate biodegradation", and "inherently biodegradable". These terms, the strategy behind different test procedures and their relevance within the assessment of biodegradability of chemicals are summarized in the following passages: . A ready biodegradation test is based on stringent conditions (high ratio between test chemical concentration and cell density of inoculum, not pre-exposed to the test chemical, only inorganics in the medium). With respect to typical environmental conditions this test is not realistic, but it is of significance especially in the context of environmental legislation. When a chemical passes this test procedure it can be assumed that it is very likely to be readily biodegradable in the environment. These chemicals come with just a low risk of persistency, or even none at all. But even if a chemical fails this test, it does not necessarily follow that it will not degrade in the environment, and further testing will be necessary to clear this initial suspicion of persistency.
Inherent Biodegradability (for example, according to OECD test protocols 302 A-C) For chemicals that do not fulfill the criteria of the stringent ready biodegradation test conditions, the OECD proposes to investigate the inherent biodegradability of compounds [19] . "Inherently biodegradable" is a classification for which there is unequivocal evidence of (partial) biodegradation. An inherent biodegradation test is based on more unconstrained and environmentally more realistic test conditions (lower ratio of test chemical concentration to cell density of inoculum, use of an inoculum pre-exposed to the test chemical, addition of organic co-substrates to the medium). Thus, if a chemical fails the inherent test, there is a high probability that it is non-readily biodegradable in the environment [19] and consequently poses an elevated risk of persistency. However, even if the chemical passes the inherent test, it does not necessarily follow that it will degrade in the environment. Only some inherently biodegradable chemicals will degrade in the (following) simulation test.
full-scale plants, having sludge settlement tanks with settled sludge being pumped. Within this test very low and realistic environmental concentrations of chemicals in the g/L range are commonly used, which often goes hand in hand with the need to use 14 C labeled compounds. In general, a simulation test is associated with relatively high cost and effort, but it allows for a more precise and more realistic assessment of biodegradability compared to the abovementioned screening tests.
Monitoring the Course of Biodegradation
For ready, inherent and simulation tests different methods can be used to follow the course of degradation. Inherent and simulation tests are (mainly) based on specific analytical techniques like high performance liquid chromatography (HPLC) or gas chromatography (GC). Here, the degradation of the parent compound is measured, but not its complete mineralization to, say, CO 2 , H 2 O, NO 3 -. The complete mineralization of chemicals (used for ready biodegradation tests) can be followed by applying non-specific composite parameters like dissolved organic carbon (DOC), CO 2 production or biochemical oxygen demand (BOD). These integral parameters have the advantage of being applicable to a wide variety of organic substances and of responding to any biodegradation residues or transformation products. For example, BOD is measured by using an oxygen electrode or via manometric respirometry and represents the amount of oxygen consumed by microorganisms when metabolizing the organic test chemical (Fig. 1) .
The biodegradation rate is calculated from the ratio between the oxygen consumption caused by the degradation of the test item corrected by the blank values (composed just of inoculum and media, but without the test chemical), and the theoretical oxygen demand (ThOD). ThOD can be calculated from the molecular formula and represents the total amount of oxygen required to completely oxidize a chemical. A degradation extent of at least 60% ThOD is defined as the criterion for classifying a particular test substance as "readily biodegradable". These 60% pass levels have to be reached within a 10-day window (which begins when the degree of biodegradation has reached 10%) during the 28-day test (Fig. 2) . This additional hurdle was introduced to take into account adaptation Fig. (1) . Device for measuring the biochemical oxygen demand to follow the ultimate biodegradability of chemicals. Fig. (2) . Typical biodegradation curve: Period of acclimatization/adaptation of a microorganism with less than 10% biodegradation of the test compound (lag phase), degradation phase (log phase) and reaching a maximum level of degradation (plateau phase).
processes of microorganisms toward the chemicals that could occur during the 28-day test period.
Additionally, experiments with a sterilized inoculum have to be carried out to check for possible non-biological degradation and for adsorption processes of the test chemical to the organic matter of the inoculum. Furthermore, to determine whether the test chemical inhibits the inoculum, tests with a mixture of a readily biodegradable reference compound and the test chemical are necessary.
Variability of Biodegradation Tests
In general, the assessment of biodegradability is a very complex field. The results are strongly dependent on the kind of degradation test performed and on the composite parameters used. Each test procedure has its own intrinsic advantages and drawbacks, which can result in very different degradation rates for one chemical when different methods are applied. Furthermore, the intrinsic variability of biodegradation test methods can lead to different results for one compound using the same test system. This might lead to the conclusion that results from biodegradability studies have no validity, but these measurements are not comparable with the determinations of simple properties like melting points or viscosities -for which there is only one correct value [21] . Especially the nature of the inoculum (subject to spatial and temporal variations) is a very variable factor within the assessment of biodegradability. For every experiment a unique microorganism community is used, which comes with a restricted reproducibility based on biological variability.
To handle this cascade of complexity -based on different available testing methodologies and on biological variability -the interpretation of results should be guided by the following question [21] :
"Which test was performed under what conditions and with which microorganisms?"
If biodegradation was observable two questions arise, namely, "at what rate?" and "breakdown to what?". Without careful consideration of these questions, the results of biodegradability studies can lead to false or contradictory conclusions. In particular, the unwary interpretation of empirically pre-assigned pass levels (>60% biodegradation = readily biodegradable) can be misleading in the development of completely biodegradable chemicals, as will become apparent in the following sections.
General Factors Affecting the Biodegradability of Compounds
So far, biodegradability test procedures, their variability and interpretation have been presented and discussed, but no answers have yet been given regarding the real causes of biodegradability or persistency. The main factor affecting the biodegradability of a compound is its molecular structure, although exposure and environmental conditions can also have an influence. Fewson summarized possible reasons for the recalcitrance of molecules in general [22] , stating that probably nothing distinguishes the biodegradability of xenobiotic chemicals from that of naturally occurring materials. For both groups the following generalizations for the recalcitrance of chemicals can be made (adapted from [22, 23] ): 1) reasons based on environmental conditions appropriate microorganisms do not exist, or are not present in the environment or in the relevant environmental compartment; the nutrient level is inadequate to sustain the microbial population; the temperature, salinity, pH or pO 2 is too low or too high; the concentration of the substrate is too high or too low; the substrate is adsorbed or covalently attached to clays, humus etc., or is physically inaccessible; the substrate is not accessible to attack because it is too large and/or insoluble.
2) reasons based on properties of the chemical's molecular structure: • it is not transported into the cell;
• it is not a substrate for available enzymes;
• it is not an inducer of appropriate enzymes or transport systems;
• it does not give rise to products that can integrate into normal metabolism;
• it is converted into products that are toxic or interfere with normal metabolism. This issue will be taken up for IL structures in the concluding remarks, but the following sections are intended to give the reader a comprehensive overview of IL structure-biodegradability relationships.
BIODEGRADATION STUDIES OF IONIC LIQUIDS
Over the past eight years some 25 papers and a few reviews [13, [23] [24] [25] have reported on the biodegradability of different ionic liquid structures, mainly according to "ready biodegradability" test procedures under aerobic conditions. Fundamental studies in the field were performed by the groups of Scammels [26] [27] [28] [29] [30] [31] [32] and Gathergood [26] [27] [28] [29] 33] . Guided by their knowledge of the development of biodegradable surfactants, they investigated different imidazolium, pyridinium or phosphonium compounds substituted with side chains containing e.g. ester, ether, polyether and amide functional groups combined with several anions in different tests for ready biodegradability. Wells and Coombe [17] investigated the biodegradability of ammonium, imidazolium, phosphonium and pyridinium compounds by measuring the biochemical oxygen demand (BOD). N-methyl-imidazolium and 3-methylpyridinium compounds substituted with butyl, hexyl and octyl side chains and bromide as the anion were examined by Docherty et al. [34, 35] , who applied a dissolved organic carbon (DOC) die-away test. Stolte et al. [18] investigated different imidazoles, imidazolium, pyridinium and 4-(dimethylamino)-pyridinium compounds substituted with various alkyl side chains and their analogs containing functional groups in a primary biodegradation test and were able to identify different biodegradation products from the 1-methyl-3-octyl-imidazolium cation (IM18). Recently, several biological degradation products have also been identified for alkyl-pyridinium compounds by the teams associated with Pham [36] , Docherty [35] and Zhang [37] . Stepnowski et al. [38] used the closed bottle test to examine the biodegradability of 1-alkoxymethyl-3-hydroxypyridinium cations combined with acesulfamate, saccharinate and chloride anions. A set of oxygenated and non-oxygenated imidazoliumbased ILs was investigated by Modelli et al. [39] in experiments with microorganisms from soil.
Markiewicz et al. [40] explored the primary biodegradation and sorption on sewage sludge flocs of IM18 with respect to its concentration. The first results obtained from inherent biodegradability test procedures using an inoculum from an industrial wastewater treatment plant were presented at the BATIL 2 (Biodegradability and Toxicity of Ionic Liquids) Conference [41] . Lately, the anaerobic biodegradability and metabolization of nine different imidazolium, pyridinium and dimethylaminopyridinium-based cations were examined over a period of 11 months.
Based on the publications referred to above, an overview on available aerobic biodegradation data (including the test procedures and conditions) for IL structures is given in Appendices A-C. In the following, the biodegradabilities of anions and cations are discussed separately.
Biodegradability of Ionic Liquid Anions
Most IL anions investigated so far ( Fig. 3 ), which are not relevant to biodegradation tests based on the measurement of oxidizable carbon in the molecule. Abiotic degradation processes are more important for inorganic anions (see the "abiotic degradation" section). Nonetheless, some IL anions are potentially amenable to microbial degradation, because they can serve as a carbon source. It is known from research on anionic surfactants [42] that linear alkylsulfates (like methylsulfate or octylsulfate) exhibit excellent biodegradability, and linear alkylsulfonates (like methyl sulfonate) display good biodegradability, as do linear alkylbenzene sulfonates (like p-toluenesulfonate).
The good biodegradability of octylsulfate [28] [29] [30] [31] 33] and series of alkylsulfates (from methyl, hexyl to decyl and dodecyl) [31] is demonstrated even when they are combined with an IL cation. In BOD experiments the diethylphosphate anion was found to be readily biodegradable [17] , whereas dibutylphosphate was not significantly degraded in a CO 2 headspace test [31] ; this is unusual, considering that both phosphates were tested with cations that did not inhibit the activity of the inoculum. The non-specific influence of the anion compared to the chloride compounds has been suggested for different 1-alkoxymethyl-3-hydroxypyridinium acesulfamates and saccharinates [38] . A lot of toxicological data are available for the food additives potassium acesulfamate and saccharin, but there are little or none regarding their biodegradation in the environment. For instance, the ready utilization of saccharin by the bacterium Sphingomonas xenophaga, enriched and isolated from a communal wastewater treatment plant, is described [43] . Harjani et al. also reported increased CO 2 evolution when IM14 (non-biodegradable under the chosen conditions) was combined with saccharin [31] . Several ILs based on biomaterials have been developed using biodegradable anions like lactate [44] , tartrate [44, 45] , acetate, propionate, benzoate, fumarate or succinate [45] (Fig. 3) .
Likewise, little information was found on the biodegradation behavior of typical fluorine-containing ionic liquid anions (e.g.,
. The tendency of these anions to be thermally and chemically stable is presumably mirrored by their resistance to biological degradation [13] ; indeed, many synthetic halo-organics have been found resistant to aerobic biodegradation [46] . In line with this statement, (CF 3 SO 2 ) 2 NH was found to be non-biodegradable in ready biodegradability tests [17] . These fluorinated anions in particular have the potential to persist in the environment and, because of their high lipophilicity, to accumulate in the tissues of living organisms. The ionic liquid anion trifluoroacetate is known to be recalcitrant to biodegradation [47] , and a similar behavior can be postulated for the salts of trifluoromethanesulfonic acid (triflates). Nevertheless, the bioaccumulation of both compounds is thought to be unlikely owing to their low octanol/water coefficients.
Cyano-complexes like B(CN) 4 -and C(CN) 3 - , which are known to form hydrophobic ILs (comparable to the (CF 3 SO 2 ) 2 N -anion), are of great relevance to technical applications. However, no degradation data for ILs containing these anions are yet available. In the study of Garcia et al. the slightly biodegradable 3-methyl-1-(propoxycarbonyl)-imidazolium cation was combined with N(CN) 2 and increased oxygen consumption was found, which is indicative of the microbial degradation of this anion [28] . Generally, K, CN 4 ] are known to be biodegradable [48] .
In general, when assessing the biodegradability of ILs one has to bear in mind that anions (whether biodegradable or not) may influence the biodegradability of a cation. For instance, the combination of a readily biodegradable cation (measured as halide) with a toxic anion may reduce cation biodegradability as a result of the different toxicity of the new cation-anion combination [12, 15, 49] . Moreover, if the anion reduces the water solubility of the cation, the biodegradation rate may likewise be reduced, because of the diminished availability of the cation to the microorganisms in the surrounding medium.
Misleading Interpretation of Biodegradation Data
Before the structure-biodegradability-relationships of ionic liquid cations can be discussed the interpretation of biodegradation data has to be clarified, especially when composite parameters like CO 2 evolution or BOD are used. In general, the final result of such a test is expressed as "% degradation" based on the total carbon content of the whole molecule (as explained in the section "Monitoring the course of Biodegradation"), which for ILs means the carbon content of both cation and anion. The fact that ILs are formed by two separate ionic species can lead to a misinterpretation of biodegradation results and to misleading or even false conclusions -as has already occurred in the case of some ILs (Appendix A, e.g., No. 59c, 63b, 71a or 81). These compounds have been classified as "readily biodegradable" according to, e.g., the CO 2 Headspace ISO test procedure, but this categorization is based on a misleading molecular design and the wrong declaration of chemicals. To give an example (Fig. 4) , a biodegradation rate of 41% ("CO 2 Headspace" test) was found for the 1-(pentoxycarbonyl)-3-methylimidazolium cation (tested as bromide). This percentage corresponds quite well to the oxidizable C-content of the ester side chain (Fig. 4) or rather to the pentanol formed after the suggested enzymatic hydrolysis. This means that the core structure is neither touched nor degraded by the microorganisms and may well be resistant to further biodegradation. The authors of this study recommended the combination of this cation with the excellently biodegradable octylsulfate anion. Of course, this is accompanied by an increase in biodegradability (now the C-content of the biodegradable parts of the side chain and of the anion exceeds the OECD level of 60%; see Fig. 4 ). However, this putative "readily biodegradable" compound still contains a non-biodegradable core structure. Even more misleading is the "ready" classification of substance No. 99 (Appendix B). This ionic liquid is formed by a readily biodegradable cation and the non-biodegradable (CF 3 SO 2 ) 2 N -anion. In this case, the C-content of the cation is overbalanced and the C-content of the anion does not contribute significantly to the overall C-content of the ionic liquid's structural formula (Fig. 5) . Thus, the measured CO 2 evolution is more or less exclusively related to the cation. IL No. 99, containing the (CF 3 SO 2 ) 2 N -anion, is thus classified as readily biodegradable, which is a fundamental mistake, because this anion is non-biodegradable and potentially persistent. Fig. (4) . Misleading interpretation of biodegradation data. The 60% degradation threshold is exceeded by using a very readily biodegradable anion. However, the cation core remains recalcitrant to biodegradation.
Fig. (5).
Misleading interpretation of biodegradation data. The 60% degradation threshold is exceeded by using a very readily biodegradable cation. However, the anion remains recalcitrant to biodegradation.
In consequence, in the structural design of a biodegradable IL, a metabolizable cation has to be combined with a biotically or abiotically degradable anion.
The interpretation of "pure" biodegradation rates and the misconstruction of pass levels can result in erroneous conclusions with respect to the design of non-persistent ILs. Ideally, ILs (and chemicals in general) should not be classified in this arbitrary manner. The aim of biodegradation experiments should not be to exceed certain threshold values, but to find out whether or not a chemical or a combination of chemicals (like ILs) and their initial conversion products undergo further and rapid metabolization, ending in complete biodegradation.
Aerobic Biodegradability of Ionic Liquid Cations
This section will discuss the structure-biodegradability relationships of ionic liquid cations. To avoid "anion-fudged" degradation values for the cations, just the data will be considered when the cation is combined with an inorganic anion -ideally a halide to exclude toxic effects of the anion on the inocula -or the degradation data will be corrected for the C-content of the biodegradable anion.
Biodegradability of Imidazolium Compounds
Most IL biodegradation studies have been carried out on compounds with an imidazolium core structure substituted with different side chains and combined with several anions (Appendix A gives a comprehensive overview of test chemicals, test procedures and results). To identify structure-biodegradability relationships the core structure and its substituents are discussed exclusively without considering the anion. This is possible when an inorganic anion was tested or the % degradation of the ionic liquid is corrected for the degradability of the organic anion portion according to Figure 4 .
The imidazole ring itself and its ring C-substituted derivatives (methyl, ethyl) are known to be ultimately biodegradable, whereas all N-substituted imidazole compounds, like N-methylimidazole, are poorly biodegradable (Fig. 6) [50] . A possible explanation for the poor biodegradability of N-alkylated imidazoles is that Nsubstitution apparently blocks attack by enzymes on the urocanase pathway, which are responsible for the enzymatic degradation of the imidazole containing the amino acid histidine [50, 51] .
Enhanced biodegradability for compounds with elongated alkyl side chains (C6 and C8) was found in twice N-alkyl-substituted imidazolium ILs (Fig. 7) . These compounds can be described as "inherently biodegradable" and "partially mineralizable". However, results from HPLC [18] as well as from NMR [34] analysis indicate that the side chain is degraded but that the core structure remains resistant to biodegradation under the conditions of ready biodegradability test procedures. The increased biodegradability of compounds with long side chains can be explained in at least two ways [18, 34] . Firstly, it has been demonstrated that ILs with elongated side chains are more toxic [52, 53] , therefore inducing a selective pressure on the microbial community. Microorganisms capable of degrading ILs with longer alkyl chains are privileged, whereas others that are unable to metabolize these ILs are eliminated. This assumption was proven by Docherty et al. [34] , who analyzed the structure of the microbial community by DNA-PCR DGGE (denaturing gradient gel electrophoresis) and found that samples treated with [IM18] + were richer in certain bacteria species. A second explanation is based on increased uptake into the organisms, which is also related to the hydrophobicity of the compounds. Owing to this (higher) uptake the substances can be metabolized by appropriate enzyme systems, for instance, by the cytochrome P450 system located in the endoplasmic reticulum of cells.
However, the successive elongation of the side chain does not represent an opportunity to design biodegradable ionic liquid cations, because lengthening the alkyl side chain is associated with enhancing inhibitory effects on the microorganisms induced by the rising bacterial toxicity of these cations (Fig. 7) . This was demonstrated by Wells and Coombe [17] for N-methyl-imidazolium compounds with C12, C16 and C18 alkyl side chains. Markiewicz et al. [40] also found a concentration-dependent inhibition of the inoculum for IM18 Cl at concentrations > 0.2 mM.
"Task-specific" [54] or functionalized [55] ILs with fine-tuned physicochemical properties have been designed through the incor- poration of functional groups into the alkyl chains. The incorporation of functional groups increases the chemical reactivity of these compounds and, at the same time, the probability of biological (enzymatic) conversion. A series of imidazolium compounds substituted with functionalized side chains containing, for instance, ether, amide, nitrile, terminal hydroxyl and carboxyl groups, have been investigated according to the ready biodegradability test procedure (Fig. 8) . Especially in the case of compounds substituted with short alkyl side chains (<C4), even if functional groups are introduced, no significant biodegradation was observable in different biodegradation tests [18;31] . Whereas partial degradation of the side chain did take place in long-chain compounds (C8) containing hydroxyl and carboxyl groups, the results of HPLC analysis suggest that the imidazolium core structure was recalcitrant to biodegradation [18] . Here again, it can be concluded that a cation has to be distinctly hydrophobic if it is to be biodegradable, as discussed previously for alkyl substituted compounds.
Other attempts to improve biodegradation were made by Harjani et al., who substituted phenyl and allyl groups in the imidazolium core (Fig. 8) . These groups might increase the chances of metabolism of the cation by redox enzymes [23] , but this could not be proven for ILs.
A long list of imidazolium based ILs containing ester side chains (Fig. 9) were investigated in different biodegradation tests [26] [27] [28] [29] 31, 33] . In general, the introduction of ester groups into the side chain resulted in a significant increase in biodegradation, especially of esters with an alkyl side chain length of C4 [29] . These ester groups represent a site of enzymatic hydrolysis (by esterases), which can explain the increased biodegradability of these compounds. The saponification of the ester side chain is accompanied by the formation of well biodegradable alcohol moieties (the longer the ester alkyl side chain, the longer the resulting alcohol, while the imidazolium ring seems to stay intact under these conditions.). This also holds true for compounds with additionally introduced alkoxy or polyether chains. Higher levels of biodegradation were found for the ester ionic liquid cations combined with octylsulfate [28, 29, 31, 33] . In some cases the benchmark of ready biodegradability was passed, but here the biodegradability found was driven mainly by the high biodegradability of the anion (as discussed in the section "misleading composite parameters").
All the results presented so far have been based on the stringent ready biodegradability test conditions, and within these tests the imidazolium core structures have been found recalcitrant toward microbial degradation even if the degradation rate can be increased by the choice of a degradable side chain. This leads to a first suspicion of persistency for IL cations based on the imidazolium core structure. However, according to the OECD, further testing is necessary (using inherent/simulation tests) to clear or verify this first suspicion of persistency, but to the best of our knowledge, very little information can be found for ILs to which these less stringent test procedures have been applied. At the BATIL 2 Conference it was stated that the imidazolium core structure itself could also be biodegraded over a test period of 28 days when an inoculum from an industrial waste water treatment plant was used instead of the OECD-recommended inoculum from domestic clarification plants [41] . Complete primary biodegradation of N-methylimidazole and 3-ethyl-1-methyl-imidazolium (IM12 Cl) was achieved ( Fig. 10  part A) , which can be explained by the microbial community of the inoculum used. Industrial sewage varies greatly in its microorganism composition and is composed of bacteria that are adapted to man-made chemicals, for instance, antibiotics, pesticides or heavy metals. This finding goes along with a reduced risk of persistency for compounds with the imidazolium core structure. However, because of the favorable conditions employed in these tests, the rapid biodegradation of these chemicals in the environment cannot generally be assumed [19] .
When applying an ASTM D 5988 biodegradation test with soil as the source of microorganisms (Figs. 10 part B) , Samori et al. [39] found an enhanced biodegradation rate for 1-butyl-3-methylimidazolium tetrafluoroborate (IM14 BF4). A possible explanation for this improved degradability could be that soil microorganisms are more capable of metabolizing the IM14 cation or that the test duration of 180 days allows for an adaptation of the microorganisms to the test chemical. But here this result reduces the risk of persistency and accumulation of imidazolium cations in the environment.
Pyridinium and 4-(Dimethylamino)pyridinium Compounds
Several biodegradation studies were carried out with ionic liquid cations based on N-alkyl and N-(ethoxycarbonyl) pyridinium, N-alkylated nicotinic acid esters, N-butyl-nicotinamide, 1-alkoxymethyl-3-hydroxypyridinium and N-alkyl-4-(dimethylamino)pyridinium (Appendix B).
The pyridine core structure itself and its derivatives are extensively used in industry as solvents and for the synthesis of a wide range of compounds (pharmaceuticals, paints, agricultural chemicals) and are discharged via waste waters by several industries or are often found at locations associated with coal processing [56, 57] . Several aerobic microorganisms, capable of degrading pyridine and its derivatives, were isolated (Fig. 11) [51] .
The primary biodegradation rate of N-alkyl-pyridinium compounds (Fig. 12) increased with lengthening side chain; the results were similar to those found for the imidazolium head group, but the degree of degradation was generally higher for the pyridinium compounds. The test procedure does not state whether the N-octylpyridinium compound was fully mineralized.
For N-alkyl-3-methyl-pyridinium compounds (Fig. 12) there was a correlation between the length of the substituted alkyl chain and the mineralization including the pyridinium ring [34, 35] .
In two studies by the same group (applying the same test procedure) similar results were found for N-hexyl-3-methyl-pyridinium bromide (Py6-3Me Br) and for N-octyl-3-methyl pyridinium bromide (Py8-3Me Br). The Py6-3Me cation was fully mineralized (95-97%) after 41 or 49 days of incubation [34, 35] ; even if it cannot be classified as "readily biodegradable" it should not persist in the environment [34] . Nearly complete mineralization (92-96%) of the Py8-3Me moiety was obtained within 25 [34] or 33 days [35] , which meets the criterion for being classified as "readily biodegrad- Fig. (10) . Increased biodegradability of the imidazolium core structure under different test conditions. able". In contrast to the imidazolium core structure, the results from 1 H-and 13 C-NMR measurements indicate that the pyridinium core structure was completely degraded during the biodegradation experiment [34] . Docherty et al. found clear differences in degradation rates when they re-examined the N-butyl-3-methyl-pyridinium compound (Py4-3Me). In a first study no biodegradation (0% degradation within 43 days) was observed [34] , whereas in their second study, mineralization was nearly complete (88% within 41 days) [35] ; these results were endorsed in primary biodegradation studies by Pham et al. [36] .
According to Docherty et al., the different results were due to the microbial variation and composition of the activated sludge samples, which could have altered the degradation efficiency or even the ability to convert a chemical.
The biodegradability of the N-(ethoxycarbonyl) pyridinium cation ( Fig. 13) and the N-alkylated nicotinic acid esters (Fig. 13) is generally good (all are classified as readily biodegradable) [31] . The degradation rates of these cations as halides and as octylsulfate were similar (Appendix B, Nos. 97 and 98), which indicates that both organic ionic moieties have comparable percentages of biodegradability. In comparison to the N-butyl nicotinic acid ester, the structural homolog N-butyl-nicotinamide was significantly less biodegradable (81% versus 30%) (Fig. 13) [31] .
The biodegradability of 1-alkoxymethyl-3-hydroxypyridinium salts also improved slightly with increasing alkyl chain length, but only from 3 (40%) to 11 carbon atoms (44%) (Fig. 13) , whereas the octadecyl compound exhibited a lower rate of biodegradability (25%), probably due to its increased toxicity. However, for most of these ILs an intermediate rate of biodegradation was found [38] .
Summing up, ionic liquid cations with a pyridinium core in general exhibit a higher degree of biodegradability than imidazolium derivatives, especially when an ester functional group is incorporated into the N-side chain or if it is attached to the pyridinium skeleton. Thus, many pyridinium compounds can be classified as "readily biodegradable", and the core also appears to be accessible to aerobic biodegradation processes.
In primary biodegradation experiments with different N-alkyl-4-(dimethylamino)pyridinium cations ( Fig. 14 and Appendix B) no decomposition of ethyl and butyl substituted compounds was observed to take place, whereas complete primary degradation was detected for the hexyl derivative [18] . However, the ultimate biodegradability of this structure has yet to be investigated.
Phosphonium Compounds
There is little information in the literature regarding phosphonium-based ILs (Appendix C). Wells and Coombe investigated Fig. (11) . Biodegradability of the pyridine core structure. alkyl substituted compounds like tributylethylphosphonium diethyl phosphate (P2444 (2O)2PO2) and trihexyltetradecylphosphonium chloride (P666-14 Cl) (Fig. 15) . In P666-14 Cl the inoculum was strongly inhibited at concentrations of 1 to 100 mg/L, which is in accordance with the high microbial toxicity of substituents with long alkyl chains. In contrast, the compound with the shorter side chains did not inhibit the inoculum strongly, so no significant biodegradation was observed.
Atefi et al. synthesized and assessed the biodegradability of a set of tri-n-hexyl and tricyclohexyl phosphonium ILs using a CO 2 headspace test [32] . Tri-n-hexyl cations have been linked to several alkoxycarbonylmethyl residues (methoxy, propoxy, pentoxy) (Figs.  16 and 17) .
The assumption of the authors, that the biodegradation of these molecules may be initiated by simple hydrolytic cleavage of the ester bond leading to a tri-n-hexyl / tricyclohexylphosphonium fragment and the corresponding primary alcohol and carboxylic acid that can be readily metabolized via the pathway of fatty acid ß-oxidation [32] , could not be confirmed. Regardless of the length of the alkoxy residue, a low biodegradation rate of < 10% was determined for all tricyclohexylphosphonium cations (Fig. 17) . Likewise, no significantly higher biodegradability could be detected for tri-n-hexyl compounds with substituted ester or with ether, hydroxyl or allyl functionalized side chains (Fig. 16) . Higher degradation rates have been found by combining phosphonium-based cations with octylsulfate as counter anion (Appendix C), but here again this observation is based on the good biodegradability of the anion moiety (as mentioned in previous sections). Tri-n-hexyl and tricyclohexyl phosphonium ILs showed some degree of inhibition (up to 28 for the allyl compound) of the inoculum activity when tested as halide [32] . These slightly toxic effects may decelerate but not prevent biodegradation.
Other Head Groups
Very little biodegradation information for ILs with ammonium head groups has been published (Appendix C). However, several studies were performed for quaternary ammonium compounds, which are used as cationic surfactants in a number of applications (softeners, emulsifiers, disinfectants and so on). The ammonium structures are often substituted with benzyl, 2-hydroxyethyl or un- Fig. (13) . Biodegradability of ester, amide and ether substituted pyridinium compounds. Fig. (14) . Biodegradability of N-alkyl-4-(dimethylamino)pyridinium compounds.
Fig. (15).
Biodegradability of P-substituted phosphonium compounds. Fig. (16) . Biodegradability of functionalized tri-n-hexyl phosphonium compounds. Fig. (17) . Biodegradability of functionalized tricyclohexyl phosphonium compounds. branched alkyl side chains (often C8 to C24) based on natural fats and oils (coconut, tallow fat or palm oil). Without going into the details of this very wide area, we now present some basic rules regarding biodegradability according to Van Ginkel [58] :
• alkyltrimethylammonium salts and benzylalkyldimethylammonium salts are better biodegradable than dialkyldimethylammonium cations; • as the alkyl side chain becomes longer, its biodegradability drops (based on inhibitory effects); • resistance to biodegradation is caused largely by increasing numbers of long alkyl side chains; • ammonium salts with side chains containing ester and fatty acids are better biodegradable than ammonium salts with alkyl side chains.
In general, the use of ILs consisting of readily degradable natural ammonium cations, such as choline [45] , can prevent recalcitrance to biodegradation.
To the best of our knowledge, no biodegradability data have yet been published for ILs based on other head groups like piperidinium, pyrrolidinium, morpholinium or quinolinium. However, Philipp et al. [51] used a large set of aerobic biodegradation data to establish rules for predicting the biodegradability of Nheterocycles. These authors concluded that alkylation of the N-atom of the ring generally reduces the biodegradability of Nheterocycles. Even if this implies that not all N-alkylated compounds are biodegradable (as in the case of pyridinium compounds), it is highly probable that structural modifications (like the introduction of oxo-groups into the ring or side chain modulation) are necessary to achieve biodegradable compounds.
METABOLIC DEGRADATION PRODUCTS OF IONIC LIQUID CATIONS
There are two reasons for investigating the nature of the biological conversion products of IL substructures. First of all, conversion pathways have to be known to avoid erroneous classifications of ILs if a pass level is fulfilled, but degradation products are recalcitrant toward biodegradation (see section "misleading interpretation of biodegradation data"). Secondly, knowledge of the chemical structure of the metabolites is crucial with respect to their hazard assessment. Metabolites have their own characteristic (eco)toxicological profiles and they may well be more toxic than their parent compound. Therefore, classical biodegradation protocols have to be linked to biodegradation studies.
Imidazolium-based Cations
Based on a theoretical approach named T-SAR (thinking in terms of structure activity relationships) [59] Jastorff et al. developed an algorithm for predicting the metabolites of the 3-butyl-1-methyl-imidazolium cation (IM14) [60] . Several hydroxylated, carboxylated and dealkylated compounds were postulated (Fig. 18) and subsequently synthesized to assess their toxicity [61] .
In a subsequent study the same group investigated the metabolic fate of compound IM18 via HPLC-MS analysis in a biodegradation experiment [18] . The identified degradation products were found to be generally in accordance with the postulated structures. The metabolites detected and the suggested breakdown pathway of IM18 are shown in Fig. (19) . In general, the conversion of the alkyl chain seems to start with the oxidation of the terminal methyl group ( -oxidation), probably catalyzed by monooxygenases (for in-stance, by the cytochrome P450 system). The remaining alcohol is subsequently oxidized by dehydrogenases via aldehydes to carboxylic acids. The resulting carboxylic acids can now undergooxidation and the released two-carbon fragments can enter the tricarboxylic acid cycle via acetyl Co-A. The HPLC-MS results also indicate the formation of different non-terminal hydroxyl groups. These secondary alcohol isomers cannot be further degraded viaoxidation. Their conversion ends either with the formation of ketones or additional hydroxylation steps [18] .
In general, the identified conversion products of IM18 have shorter side chains and/or are functionalized. It is known from the literature that compounds with short, functionalized side chains are less toxic toward mammalian cells [14, 61] , marine bacteria, limnic green algae and duckweed, among other organisms [16] . Therefore, the conversion products present a lower hazard potential than the IM18 cation, which is highly toxic in water (especially to algae). Even so, some restrictions have to be made because the aldehydes, intermediates in the oxidation pathway from the -CH 2 OH group to the -COOH group, have not yet been analyzed regarding their (eco)toxicity; theoretically, the formation of highly reactive epoxides is also possible.
Docherty et al. [34] used 1 H-and 13 C-NMR spectra to analyze initial and final biodegradation samples from different imidazolium ILs. A change in the chemical structures found in 3-hexyl-1-methyl-imidazolium (IM16) and IM18, indicating a loss of four to five terminal C-atoms from the side chain, while the ring structure of both compounds remained intact and was not used as a carbon source by the microorganisms.
Pyridinium-Based Cations
Biological conversion products were identified for an N-butyl-3-methyl-pyridinium compound (Py4-3Me) by Pham et al. using liquid chromatography/mass spectrometry (LC-MS) [36] . After 28 day of incubation with microorganisms from a wastewater treatment plant, single and double hydroxylation of the side chain could be detected, allowing the authors of this study to postulate two metabolic pathways (Fig. 20) , both leading to the suggested (but not verified) formation of biodegradable 3-methylpyridine (Fig. 11) .
Docherty et al. also identified 3-methylpyridine as a conversion product of the Py4-3Me cation, but in contrast to the findings of Pham et al., hydroxylation of the aromatic ring and not of the side chain took place. Moreover, this degradation involved the formation of a double bound within the butyl residue. Hydroxylation of both the side chain and the pyridinium core structure occurred in Nhexyl-3-methyl-pyridinium (Py6-3Me), whereas just the side chain was oxidized in N-octyl-3-methyl-pyridinium (Py8-3Me).
Summing up, the results of the studies by Docherty et al. and Pham et al. suggest that different degradation pathways for one compound (here Py4-3Me) are possible depending on the microbial composition of the inocula, and that fundamentally different conversion pathways occur depending on the length of the alkyl chain.
ANAEROBIC BIODEGRADABILITY AND CONVERSION OF IONIC LIQUID CATIONS
All the data presented in the previous section were based on aerobic test conditions; nevertheless, anaerobic decomposition also plays an important role in reducing environmental concentrations of chemicals in, e.g., aquifers, eutrophic lakes, soils or sediments. Thus, investigating the breakdown of chemicals in the absence of oxygen has to be looked at in the context of the hazard assessment of compounds, especially as anaerobic degradation has already been shown to be successful for a range of substances that are recalcitrant to aerobic biodegradation. Examples are the anaerobic biodegradation of highly chlorinated hydrocarbons, such as tetrachloroethane (PCE) [62] and the reductive dechlorination of polychlorinated biphenyls (PCBs) in, e.g., sediments [63] .
For ILs just one study was found that investigated the anaerobic biodegradation of IL cations under nitrogen-reducing conditions [64] . The primary degradation of different imidazolium, pyridinium and 4-(dimethylamino)pyridinium based cations (Fig. 21) Only the 1-(8-hydroxyoctyl)-3-methylimidazolium cation (IM18OH) decomposed (by ca 50% in 9 days and complete primary degradation after ca 40 days), whereas all other cations (including the IM18 cation) remained recalcitrant toward anaerobic degradation. Several metabolites of the IM18OH cation have been identified, which are similar to those found under aerobic conditions. Neumann et al. [64] reached the conclusion that in aerobic biodegradation processes, the initial oxidation of the octyl side chain of the IM18 cation probably involves molecular oxygen as a reactant (Fig. 22, left) . The oxygen is inserted by monooxygenase and the alkyl side chain can be further degraded via ß-oxidation. Under anaerobic conditions, no molecular oxygen can be inserted by monooxygenase and biodegradation is not initiated (Fig. 22, right) . In contrast, pre-oxygenated IM18OH can be biodegraded under anaerobic conditions. However, the present experiments do not imply the full mineralization of IM18OH, only a very slow biodegradation taking place under the experimental anaerobic conditions. Residual IM13COOH was still detected even after 10 months of the experiment. All in all, the biodegradability of the tested ILs seems to be even worse under anaerobic than under aerobic conditions.
ABIOTIC DEGRADATION
For a complete description of the environmental fate and the environmental lifetime of ionic liquid structures, abiotic transformation processes also have to be considered. Abiotic mechanisms like oxidation, reduction, hydrolysis and photolysis represent important pathways for the degradation of man-made chemicals in the environment. The products formed by such abiotic conversions may be biodegraded further by microorganisms or are naturally found in the environment. For instance, the hydrolysis of [BF 4 ] -and [PF 6 ] -results in the release of HF [65, 66] . This acutely toxic [67] and corrosive compound is problematic with respect to operational safety and application in technical processes. In the context of (eco)toxicity and bioaccumulation, however, it is of minor concern, because the evolving compounds (fluoride, boric acid and phosphoric acid) are harmless to the environment in moderate concentrations. The hydrolysis data from the ionic liquid anions (C2F5)3PF3 and (CF2SO2)2N suggest that these anions are resistant to hydrolytic cleavage under environmental conditions. Generally, only a very limited data set on the abiotic conversion of IL cations and anions is available as yet. Photolysis may be the initial conversion step for non-biodegradable cations and anions, which then may lead to biodegradable conversion products.
CONCLUSION
It was the aim of this review to summarize, analyze and discuss IL biodegradation data with respect to structure-biodegradability relationships. The available data allow for a preliminary assessment of whether the 10 th principle of Green Chemistry (Design chemicals and products to degrade after use: Design chemical products to break down to innocuous substances after use so that they do not accumulate in the environment) is fulfilled for ionic liquid structures or not.
It has been shown that most ILs investigated so far cannot be classified as "readily biodegradable". Nevertheless, the structural design of ILs with substantially improved biodegradability has been found possible.
Structural Attributes Influencing Biodegradability
With respect to the structural design of ILs, increased biodegradability was observed in pyridinium, imidazolium and 4-(dimethylamino)pyridinium cations with elongated alkyl side chains. It has been shown that a promising design criterion for achieving biodegradability is the introduction of ester functional groups into the side chains. With respect to the head group the pyridinium core generally exhibits a higher degree of biodegradation than imidazolium, 4-(dimethylamino)pyridinium or phosphonium head groups. In general, the pyridinium head group itself seems to be ultimately biodegradable, even when it is linked to shorter side chains (C4) and when the stringent, ready biodegradation test conditions are applied. In contrast, only the degradation of the side chain was observed in imidazolium compounds, the core structure remaining recalcitrant toward biodegradation under stringent conditions. However, the data derived from experiments with industrial inocula indicate that the imidazolium core can also be degraded under certain circumstances. For ILs represented by cationic and anionic structures it has to be considered that really biodegradable chemical structures have to be designed -hence, not only do the side chains but also the core structure of the head group and the anion have to be biodegradable. To achieve a biodegradable ionic liquid, a biodegradable cation has to be combined with an (a)biotically degradable anion. Here, different anions such as alkylsulfates (e.g., methylsulfate or octylsulfate), linear alkylsulfonates (e.g., methylsulfonate), linear alkylbenzene sulfonates (e.g., ptoluenesulfonate), and salts of organic acids (e.g., acetate or lactate) are recommendable with respect to their biodegradability as well as from an (eco)toxicological point of view. Typical fluorinecontaining ionic liquid anions ([(CF 3 SO 2 
should be avoided when designing inherently safer ILs because these anions carry a high risk of being environmentally persistent and, on the basis of their substantial hydrophobicity, of accumulating in the tissues of living organisms.
Biodegradability vs. (eco)toxicity
The dependency between improved biodegradability and side chain length at any type of head group (so far investigated) creates a conflict of interests in the design process of inherently safer ILs: the shorter the alkyl side chain, the safer the chemical is with respect to (eco)toxicity issues, but the higher the risk of persistency and mobility owing to the lack of biodegradability and reduced sorption to organic matter and clay minerals. This conflict can be resolved to some extent if polar ester groups are linked to the cationic core.
A sound hazard assessment of chemicals will also take biological conversion products into consideration. Little information is available regarding this issue, however: most of the metabolites so far detected are the more polar ones, and the lower (eco)toxicity of these compounds has been postulated. Nevertheless, some restrictions have to be imposed, because aldehydes, which are intermediates in the oxidation pathway from a terminal hydroxyl group to a carboxylic group, have not yet been analyzed for their (eco)toxicity. In principle, the formation of highly reactive epoxides is conceivable, especially during the observed hydroxylation step of the pyridinium core structure.
Possible Reasons for Recalcitrance
We assume that the interplay of environmental and structural factors is responsible for the recalcitrance of some ILs. In general the dependence between enhanced biodegradability and elongated side chains can be put down to the better diffusion of these compounds into the cell (making the compound accessible to enzymatic systems), but also to adaptation processes based on greater toxicity (based on selective pressure). A closer look at the pyridinium core, which is ultimately biodegradable even when bearing only short chain substituents, shows that enzymatic systems suitable for degrading this core are already present in some microorganisms, but depend on the source of the inoculum. This could be explained by the wide use and release of pyridine compounds (several highvolume production chemicals are pyridine-based) into the environment. Thus, if microorganisms are continuously exposed to those chemicals, it is increasingly likely that some microorganisms will adapt to this substrate. Also, it was found in imidazolium-based ILs that organisms exist which are capable of converting the core structure, though possibly only in certain areas, which may be exposed to higher concentrations of imidazole/imidazolium based compounds. The general ability of microorganisms to adapt to imidazolium and pyridinium compounds comes with a reduced risk of persistency of those ILs, but more detailed investigations are needed.
Inherently Safe Chemicals vs. Technical Applicability
The presented design criteria may lead to ILs with improved biodegradability, but they may also limit practical applications with respect to physicochemical properties such as stability (thermal or electrochemical) or viscosity. Therefore, for a particular technological application it may be necessary to use a non-biodegradable and/or (eco)toxic ionic liquid. The authors would like to point out that although these ILs can be components of sustainable products and processes, in such cases comprehensive risk management is needed with respect to the operational safety of employees. Furthermore, it has to be ensured that environmental contamination is minimal. Thus, within such processes strategies are demanded to remove these compounds, for instance, from processing effluents via regenerative methods (like membrane filtration [68] ) or via destructive advanced oxidation techniques like electrochemical treatment [18] or UV degradation [69] .
Finally, economic aspects and especially production costs will determine whether ILs will be used widely in technical applications. From a structural point of view they certainly have a considerable potential to contribute to the development of more sustainable products and processes.
REMARKS AND OUTLOOK
2 To acquire a valid data pool for the environmental hazard assessment of ILs, the very limited degradation data need to be complemented by data from abiotic degradation studies and by data from both aerobic and anaerobic biodegradation studies. In particular, systematic investigations to examine the biodegradability of different head groups are required. Additionally, more detailed knowledge of IL biodegradation pathways, kinetics and metabolites is desirable, as it would improve the hazard assessment of these chemicals. 3 The focus should not only be on the stringent "readily biodegradability test conditions", because most ILs are not readily biodegradable; it does not necessarily follow that they will not degrade in the environment. "Unconstrained" test conditions according to inherent biodegradation tests (under these conditions the imidazolium core was also found to be degradable) should be used to acquire general information about IL degradability in the environment. 4 The nature of the inoculum and its biodiversity (subject to spatial and temporal variations) was found to have a strong influence on the experimentally found biodegradation rates of ILs. 
